Combinations of chemical and genetic approaches were used to study the function of divalent metal ions in cleavage of RNA by the ribozyme RNase P RNA. We show that different divalent metal ions have differential effects on cleavage site recognition and rescue of cleavage activity by mixing divalent metal ions that do not promote cleavage by themselves. We conclude that efficient and correct cleavage is the result of cooperativity between divalent metal ions bound at different sites in the RNase P RNA-substrate complex. Complementation of a mutant RNase P RNA phenotype as a result of divalent metal ion replacement is demonstrated also. This finding together with other data indicate that one of the metal ions involved in this cooperativity is positioned near the cleavage site. The possibility that the Mg 2؉ ͞Ca 2؉ ratio might regulate the activity of biocatalysts that depend on RNA for activity is discussed.
D
ivalent metal ions are important for the function of many proteins and RNA. The role of the divalent metal ions can be structural and͞or catalytic, and in RNA-catalyzed reactions the existence of several categories of divalent metal ion binding sites has been suggested (1) (2) (3) (4) (5) . The reaction catalyzed by the ribozyme RNase P RNA, the catalytic subunit of the endoribonuclease RNase P (6), requires divalent metal ions; among the ones studied thus far, Mg 2ϩ promotes cleavage most efficiently. The roles of Mg 2ϩ in the RNase P RNA-catalyzed reaction are to induce proper folding of the RNA, to facilitate the interaction with its RNA substrate, and to promote efficient and correct cleavage (7) . Cleavage by RNase P RNA has been reported to proceed in the presence of Mn 2ϩ and Ca 2ϩ , although at reduced efficiencies (2, (8) (9) (10) (11) (12) (13) (14) (15) . However, cleavage in the presence of Mn 2ϩ and Ca 2ϩ induces miscleavage (11, 12, 15) . These findings make RNase P RNA a suitable model system to study the way by which different divalent metal ions influence RNA-mediated cleavage and thereby expand our knowledge about the role of different categories of divalent metal ion binding sites in the RNase P RNA-catalyzed reaction and in RNA in general.
Here we present data demonstrating RNase P RNA cleavage in the presence of divalent metal ions that do not promote cleavage by themselves, indicating metal ion cooperativity. Our data further suggest that one of the metal ions involved in this cooperativity is positioned in the vicinity of the interaction between the 3Ј end of the substrate and RNase P RNA, the ''RCCA-RNase P RNA'' interaction (interacting residues underlined, ref. 16 ).
Materials and Methods
The substrates, pATSerCG and pATSerUA, were purchased from Xeragon AG, Switzerland, or generated by run-off transcription using T7 DNA-dependent RNA polymerase (17) . Internally labeled pATSerCG, 5Ј end-labeled pATSerUA, and the M1 RNA variants were generated as described elsewhere (15, 18) .
Cleavage reactions were performed at 37°C as described in detail elsewhere (15) in our standard reaction buffer: 50 mM Tris-HCl (pH 7.2), 5% (wt͞vol) polyethylene glycol 6000, 100 mM NH 4 Cl, and 40 mM total concentration of different divalent metal ions as indicated. The chloride salt of the various Me 2ϩ was used except for Ba 2ϩ , for which we used barium acetate. Note that the MnCl 2 was stored at Ϫ20°C before use.
In the experiments in which the frequency of miscleavage was determined the final concentrations of M1 RNA and substrates were Ϸ0.25 and Յ0.05 M, respectively. The frequency of miscleavage at Ϫ1 was calculated from the relative amounts of 5Ј-cleavage products generated from cleavage at the different positions, ϩ1 and Ϫ1, using a PhosphorImager (for further details see ref. 15 ).
The k cat ͞K m values were calculated based on k cat and K m values, which were determined as reported previously (15) . For the calculations we used the 5Ј-cleavage fragments instead of the 5Ј-matured products, because we wanted to determine the kinetic constants for cleavage at both positions ϩ1 and Ϫ1. The initial rate of cleavage (V i ) measured for each substrate concentration was plotted against the substrate concentration resulting in hyperbolic curves. To study the effect of various metal ions on cleavage by Escherichia coli RNase P RNA, M1 RNA, different divalent metal ions were added together with Mg 2ϩ . We used the precursor pATSerCG as substrate (Fig. 1a) , which is a model substrate that has been described elsewhere (15) . Noteworthy is also that product release is not a rate-limiting step in cleavage of another substrate of this type (19) . Cleavage in the presence of transition metal ions resulted in reduced (see below, Table 1 , and data not shown) cleavage rates, concomitant with an increased frequency of miscleavage (Fig. 2a) . Addition of Ca 2ϩ , Sr 2ϩ or Ba 2ϩ also inhibited the reaction (Fig. 2b and Table 1 ); but at 5-30 mM of either of these ions, a higher frequency of cleavage at the correct position was observed compared with cleavage in the Mg 2ϩ alone reaction (Fig. 3a) . Here we used a mutant M1 RNA, M1 C254 RNA (Fig. 1b, Mut 2) , because it miscleaves at Ϫ1 with an increased frequency compared with wild type (15) . However, the wild type showed the same tendency, in particular when Sr 2ϩ was added (Fig. 2) . Moreover, the addition of Sr (Fig. 3b) The secondary structure of the RNase P pATSerCG(UA) model substrate. Arrows indicate the RNase P RNA cleavage sites, where the red arrow represents cleavage at the incorrect position Ϫ1. The G ϩ73Cϩ74Cϩ75 motif (marked in red) at the 3Ј end is involved in base pairing with RNase P RNA (the RCCA-RNase P RNA interaction) in the RNase P RNA substrate complex (b). The C Ϫ1-Gϩ73 and UϪ1-Aϩ73 (boxed base pair) refer to the substrates pATSerCG and pATSerUA, respectively. (b) Illustration of the RCCA-RNase P RNA interaction (16) . The letters A-C refer to divalent metal ion binding sites that have been identified in the P15 loop (18) and in the substrate (21, 24, 27) . The red arrows indicate substitutions resulting in Mut1, U to C at 294, and Mut2, A to C at 254. The black arrow marks the consensus RNase P cleavage site. , and Co(NH 3 ) 6 3ϩ play supportive structural roles, e.g. stabilizing the M1 RNA substrate (RS) interaction. The data suggest that these categories of divalent metal ions operate in concert and that efficient and correct cleavage is the result of cooperativity between divalent metal ions bound at different binding sites in the RS complex, most likely in the vicinity of the cleavage site. Our findings that the structure of M1 RNA is very similar under conditions where activity was detected as judged from Pb 2ϩ cleavage data are in agreement with this suggestion (refs. 15 and 21; unpublished data).
The RCCA-RNase P RNA Interaction and Metal Ion Cooperativity. From the above it is clear that certain divalent metal ions complement each other with respect both to cleavage rates and cleavage site recognition in the reaction catalyzed by M1 RNA. Base substitutions in the P15 loop, a domain of M1 RNA that interacts with the RCCA motif at the 3Ј end of the substrate, the RCCA-RNase P RNA interaction (interacting residues underlined; Fig. 1b) , result in reduced activity and changes in divalent metal ion binding in M1 RNA (16, 22) . Thus, we decided to combine the chemical approach discussed above with a genetic approach to study whether the divalent metal ion(s) bound in P15 (Fig. 1b) are involved in the cooperativity between divalent metal ions bound at different metal binding sites in the RS complex. In addition, we wanted to investigate whether a divalent metal ion replacement would result in complementation of a mutant phenotype. The two mutant M1 RNAs used carried changes in P15, one a uridine (U) to cytidine (C) replacement at 294 (Mut1), and the other harbored an adenosine (A) to C change at 254 (Mut2; Fig. 1b) .
In the first set of experiments we observed that suppression of the Mn 2ϩ -induced miscleavage of pATSerCG required approximately the same concentration of Mg 2ϩ for Mut1 and wild-type M1 RNA (Fig. 3c) . However, when Sr 2ϩ was added, a higher concentration was needed for Mut1 compared with the case in which wild-type was used. In fact, a small but reproducible increase in miscleavage at lower [Sr 2ϩ ] was observed for Mut1 (Fig. 3d) . Compared with cleavage by wild type it also seems that for Mut2 a higher concentration of in particular Sr 2ϩ was required to suppress the Mn 2ϩ -induced miscleavage. These data suggest that structural changes in P15 can influence cleavage site recognition differentially in a divalent metal ion-dependent manner.
Next we determined the efficiency of cleavage (k cat ͞K m ) for Mut1, Mut2, and wild-type M1 RNA in the presence of Mg by measuring the kinetic constants k cat and K m . As shown in Table 1 , wild type and Mut1 cleaved pATSerCG with the same efficiency in the Mg 2ϩ -alone reaction. This result is expected given that the only change introduced by using Mut1 is a change from a GU-to a GC-base pair in the RS complex (Fig. 1b) . Surprisingly, in the Mn 2ϩ -alone reaction, the activity for Mut1 was down Ϸ4,000-fold, whereas wild-type activity was reduced only Ϸ10-fold (Ϸ100-fold using pATSerUA). The dramatic decrease in activity for Mut1 is due to a reduction in k cat with only a slight decrease in K m . This finding is in contrast to wild type (and Mut2, see below), in which changes in both k cat and K m were observed when Mg was reduced Ϸ15 times compared with the activity of the wild type, mainly because of an increase in K m . This is in keeping with our previous data using pATSerCG (15) . as a function of the orientation of the ϩ73͞294 base pair in the RS complex as well as previously published data (24, 25) (Fig. 4) . These two metal ions show similar affinity for RNA (21) . These findings raise the interesting possibility that the activity of biocatalysts that depend on RNA for activity are upor down-regulated depending on the intracellular concentrations of Mg 2ϩ and Ca 2ϩ . In this context it is worth noting for example that the flux of Ca 2ϩ is perturbed in tumor cells (26) . As a consequence, this perturbation might influence the activity of various RNA and thereby the growth of a tumor cell.
Concluding Remarks. Our findings demonstrate the power of a chemical genetic approach to extract information about the importance of different categories of divalent metal ion binding sites in the ribozyme M1 RNA cleavage reaction. Moreover, considering both correctness and cleavage efficiency, our data show that cleavage by M1 RNA is optimized in the presence of Mg 2ϩ alone. Our present findings also support and extend our previous model (16) that the RCCA-RNase P RNA interaction results in recoordination of Me 2ϩ such that efficient cleavage occurs at the correct position. Finally, other ribozymes as well as many enzymes require divalent metal ions for function and thus the approach used here can be applied also to these systems to obtain functional information about different divalent metal ion binding sites͞metal ions. 
